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Abstract 
The ideas of Group Technology and Cellular Manufacturing have been a research topic for decades. Although widely 
implemented in assembly, the principles of flow production as central element of Lean Production have not often been 
transferred successfully to machining areas yet. In times of continuously rising hardware complexity Cellular 
Manufacturing is an alternative approach to enable both, flow production and volume flexibility in machining, but can 
rarely be found in Europe. Current research activities focus on identifying relevant performance indicators to evaluate 
economic fields of application of Cellular Manufacturing using the example of milling. 
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1. Introduction 
 ever-changing environment, production 
faces several challenges in recent and in the next years to 
come. [1] Using methods of Lean Production, companies 
systematically increase their efficiency and flexibility in 
order to meet these challenges. [2] Major tools of Lean 
Production focus on stabilizing individual process steps 
and thus laying the foundations for making materials 
. [3] [4] Besides the ability to reduce inventory 
between individual processes, this approach results in 
shortened throughput times and therefore increased 
reaction possibilities on fluctuations. [5] Carried to the 
at a hundred per cent value add by 
one-piece-flow. [6] Despite that, the level of penetration 
of balanced flow lines in assembly and in machining 
seems to be unequal. In times of continuously rising 
hardware complexity [7] technical solutions have been 
preferred more and more often to meet new challenges 
in machining. In this context, the concepts of Group 
Technology and Cellular Manufacturing have been 
discussed for decades to increase productivity and 
flexibility. [8] [9] Since the advantages of Cellular 
Manufacturing Systems have been worked out 
comprehensively, research activities should identify the 
economic boundaries to enhance future fields of 
application. Current focus is the evaluation of milling 
processes, which means cells consisting of one 
technology only. By various performance indicators 
based on actual market data an economic evaluation will 
be enabled. First results are presented subsequently. 
2. Group Technology and Cellular Manufacturing 
2.1. Principles of Cellular Manufacturing 
The idea of Group Technology, first mentioned by 
Mitrofanov [8] and Burbridge [9], is to group similar 
parts in order to achieve productivity improvements. 
Accordingly, Cellular Manufacturing is the grouping of 
miscellaneous equipment to manufacture this family of 
parts. [10] Cells can involve various technologies to 
cover a complete production process. Within machining 
cells in particular work contents are distributed from one 
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complex machining center to several basic machine
tools. Ideally, this equipment is adapted to the concrete
-sized-
piece is taken from machine to machine where it is
processed in different sequential clampings (see Fig. 1). 
In a lean environment this is usually done manually by 
an operator.
Following the lean principles of zero-defects and 
autonomous maintenance [11, 12], the operator fulfills
additional manual tasks, e.g. direct quality assurance
after each sub-process to stop incorrectly produced parts
immediately or basic maintenance jobs to ensure high
reliability. Manual transportation of the parts provides a
one-piece-flow of the product. Setting the different
machines next to each other enables manageable
transport distances. Both features avoid accumulating
stocks and encourage short throughput times. Only a
defined, small work-in-process stock is allowed.
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Fig. 1. Cellular Manufacturing system with four machine tools [13]
Figure 2 shows an example of a balanced Cellular 
Manufacturing system consisting of four machines.
Since the slowest process on a specific machine tool
manufacturing system, the balancing of work content has
takt time to get the right 
volume manufactured while avoiding over-production. 
Besides maximum equipment utilization through
harmonic balancing of machinery, necessary time for 
manual handling, changeover processes and technical
availability issues needs to be considered as well. This is
especially true for areas with high labor costs.
Fig. 2. Example for a balanced Cellular Manufacturing system 
2.2. State-of-the-Art in Academia and Industry
In recent decades Cellular Manufacturing has been 
discussed with the main focus on the following aspects
(see exemplary [10] [14] [15] [16] [17]):
Grouping of part families
Cell formation and layout
Line balancing
Improvements to job shop production
The results confirmed the capability of the approach,
which has been widely adopted in assembly lines.
Additionally, the implementation of the principles of 
Lean Production into Cellular Manufacturing leads to
high flexible production systems. Key prerequisite to 
enable flow is to separate single operations and evenly
distribute them. Naturally this can be done easier for 
assembly operations, where an adaption to volume 
changes can be realized without bigger effort by 
appointing the number of required operators. [18] [19]
[20] The combination of different levels of automation 
with the separation of work contents, Figure 3 gives an 
overview of alternative ways of work organization for 
assembly systems. In this matrix, lean assembly systems
are classified as highly manual with overall work 
contents spread over several work places (quadrant 2).
When transferring and implementing the very same
approach from assembly to machining (see Fig. 4) most 
companies fail or even do not start trying to separate and 
balance work content in order to achieve material flow
(quadrant 2, Cellular Manufacturing). Except some few 
successful examples current trends in machining
industry are driven by the development of complex,
highly automated machine tools that integrate a large
number of axes, supporting functions and even several 
technologies within one unit (quadrant 3). [7] The goal is
a complete processing of individual work pieces within
one machine while reducing the quantity of operators.
594   Joachim Metternich et al. /  Procedia CIRP  7 ( 2013 )  592 – 597 
Fig. 3. Alternative ways of work organization in assembly
For machining high volume products with a small
number of variants, economic advantages can be
leveraged by using this approach. However, as adequate
machines are complex, this trend results in expensive
equipment that is difficult to operate and hard to 
schedule. In order to gain maximum profit and to afford
high depreciation costs, the capacity utilization for the
equipment must be maximized. As a consequence,
planners increase lot sizes to avoid non-productive
downtimes during changeovers. This often leads to
overproduction and increased throughput times. In case 
of low customer orders or increasing number of variants 
the unused capacity and forced changeover-downtime 
causes financial risk. Volume and variant flexibility is
not given. [21] [22]
2.3. Motivation for future research
Apart from companies following the trend for 
apparent profitability reasons of automated machining
centers, the separation of work contents in machining
environments is not as straightforward as in assembly.
However, this is crucial to enable flow production in
Cellular Manufacturing with the benefit of increasing
flexibility by short throughput times and low stocks.
Finding relevant parameters for an efficient transfer and
implementing the principles from assembly to machining
would raise the w
Therefore, several challenges regarding organizational,
technical as well as human aspects [23] have to be met.
Fig. 4. Alternative ways of work organization in machining
A big disadvantage of Cellular Manufacturing is the 
effort for balancing work contents on various machine
tools. Above all, distribution considerations need to take
quality and clamping restrictions into account, resulting
from orientation and location tolerances. Besides the
number of individual process steps, these restrictions
strongly drive the separability of work contents that are
the essential prerequisite for Cellular Manufacturing.
Next to these questions, economic aspects are the
second major point of discussion while implementing
Cellular Manufacturing. Indices for machine utilization 
will not be as high as for complex, automated machining
centers. By using less expensive machine tools the
individual investment can be reduced. However, with
regard to cells consisting of four or even more machine 
tools, a reduction of overall fixed costs is not mandatory.
Additionally, the space requirements of a cell are usually
higher than for one complex machining center. As
derived from above, manual work for operation is quite
high, resulting in high variable costs. Further economic
considerations are discussed in the next chapter.
Other possible restrictions for Cellular Manufacturing
may result from product design (i.e. weight, dimension,
engineering), technologies used or the challenges to
avoid monotonous work. The advantages and
disadvantages of Cellular Manufacturing mentioned so 
far cannot be evaluated and quantified without further 
reflection. Current research activities at PTW therefore
focus on the analysis and concretion of these aspects.
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3. Efficiency and economic evaluation 
To enable an economic evaluation, the organizational 
framework needs to be quantified by performance 
indicators, especially with regard to utilization rates. 
Afterwards, fixed and variable costs have to be taken 
into account. 
3.1. System configuration and performance 
For evaluating the performance of Cellular 
Manufacturing systems, Key Performance Indicators 
(KPIs) based on relevant parameters for a certain 
product (e.g. tools, process times, quality restrictions, 
etc.) can be calculated. Significant KPIs are [13]: 
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cm Machine-hour rate without labour costs 
cp Labour costs per hour 
k Machine costs ratio 
m Number of operators 
n Number of machine tools 
tm Standard time machining (Done-in-one) 
tp Standard time manual processes incl. paths 
ttakt Takt time 
twpc Standard time work piece change (see Tab. 1) 
 
Subsequently, these KPIs can be used to compare 
different manufacturing systems and thus support 
decisions for implementation. To enable an economic 
evaluation at least depreciation or machine rates per hour 
as well as labor costs and effort are required.  
3.2. Fixed asset costs in Cellular Manufacturing 
When planning a new manufacturing system for well-
known products, machine tools and periphery can be 
adjusted to the requirements. Ideally, planners target 
-
approaches: only features that are currently actually 
needed will be provided. [24] For carrying this approach 
to the extremes, the equipment is built up as single 
purpose machines. This enables minimum fixed costs, 
but also limits variant flexibility tremendously. 
An approach to achieve both minimal investments 
and high product flexibility is to use regular low-cost 
machining centers, e.g. in the field of milling. To 
evaluate current potentials, several vertical milling 
centers have been analyzed regarding performance and 
investment data. 
Table 1. Parameters to evaluate vertical milling centers 
 
Parameter 
1 pt. 
(worse) 
3 pt. 
(required) 
5 pt. 
(better) 
Work area X/Y/Z [mm] < 500 / 
400 / 350 
 500 / 
400 / 350 
 600 / 
500 / 450 
Power S6 40% DC [kW] < 10  10  20 
Max. Speed [1/min] < 10,000  10,000  15,000 
Rapid traverse [m/min] < 45  45  60 
Tool fitting SK/BT 30 SK/BT 40 HSK 63 
Number of tools < 20  20  40 
Chip-to-chip time [s] > 5  5  2 
Internal coolant supply [bar] < 20 20 40 
Position accuracy [mm] > 0.008  0.008  0.005 
 
In a first step, significant parameters for enabling 
flexible production have been defined for a majority of 
regular parts suitable for Cellular Manufacturing. Table 
1 gives an overview of relevant parameters with 
weighted classes for different values (required  better  
worse). The average score of all parameters gives 
information on the performance of each machining 
center to avoid comparing the incomparable. These 
scores have been included in a diagram linking 
investment costs with drive power, illustrated in Figure 
5. Afterwards, the machine tools have been clustered by 
k-means (with k = 3 corresponding Premium, Standard 
and Low Cost of each type). The resulting classes of 
vertical milling centers are visualized with dotted boxes. 
The aggregated results in Table 2 indicate that the 
average suitability assessment of standard and low cost 
machine tools is in very close range of each other. This 
encourages the use of low cost equipment for Cellular 
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Manufacturing, further matched with the actual task by
selected technical add-ons, where applicable.
Fig. 5. Analysis of cost and power of vertical milling centers
Table 5 also shows that in terms of investment, one
Premium 5 axes machining center equals four low cost 
machining centers. In comparison to standard 5 axes
resources, still three low cost machining centers can be
purchased. 
Table 2. Classification of vertical milling centers (extract)
Class AveragePerformance
Average
Invest
Invest versus
5 axes Pr.  5 axes Std.
5 axes Premium 3.89 pts. 100.0 % 120.2 %
5 axes Standard 3.00 pts. 83.2 % 100.0 %
3 axes Standard 2.78 pts. 42.4 % 51.0 %
3 axes Low Cost 2.56 pts. 27.6 % 33.1 %
3.3. Variable costs and manual handling time
For enabling an efficient configuration of a
manufacturing cell with high automatic and manual
utilization rates, an optimum interaction between each
single machine tool and the operator(s) is crucial. In
order to facilitate evaluation, determining standard times
for manual handling in advance is convenient. A popular 
approach to quantifying standard times of repetitive
-time Measurement (MTM) [25].
Table 3 shows the evaluation of a reference process for a
manual work piece change at vertical machining centers. 
In this reference case, where most tasks for operating
the machine are executed manually, the standard time is
close to 24 seconds per unit. For high volume products
with low customer takt times, the manual work will be
disproportionally high versus the automatic work;
machine utilization is low. The reduction of manual
handling time becomes a key success factor.
Table 3. Standard time for manual handling by MTM-UAS [13]
No. Process Code TMU s
1 Open door AA3 50 1.8
2 Take compressed air pistol HA2 45 1.6
3 Clean tool ZA2 + 2 ZB1 35 1.3
4 Clean work piece ZA2 + 2 ZB1 35 1.3
5 Deposit compressed air pistol HA2 45 1.6
6 Release pneumatic clamping device BA2 25 0.9
7 Take and deposit work piece AA2 35 1.3
8 Take compressed air pistol HA2 45 1.6
9 Clean pneumatic clamping device ZA2 + 2 ZB1 35 1.3
10 Take new work piece AA1 20 0.7
11 Clean new work piece 2 ZB1 20 0.7
12 Deposit compressed air pistol HA2 45 1.6
13 Align and fix new work piece PC2 40 1.4
14 Lock pneumatic clamping device BA2 25 0.9
15 Close door AA3 50 1.8
16 Run NC program BA2 25 0.9
17 Transport to next machine (3 m) 3 KA 75 2.7
Work piece change + transport 650 23.4
Traditionally, the way to reduce manual work in a
man-machine system is a full-automation of processes.
A different approach, first applied by Takeda at Toyota,
focuses on prioritizing processes for automation which
are robust and easy to automate. Using simple, usually 
self-made equipment, this concept has become popular 
as
26].
4. Flexibility evaluation
Regarding volatile customer demands, Cellular 
Manufacturing enables two general approaches for 
volume flexibility:
adjusting the number of machine tools, including a
new balancing of work contents, and
adjusting the number of operators.
In demand drops, a reduced machine tool utilization 
(which equals productivity loss) can be allowed for a
short period of time due to low depreciation costs. If the
customer demand decreases over a longer period of time,
a machine tool can be removed from the machining cell
to be used in another line. Conversely, in facing demand 
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rises, a new machine tool is relatively cheap to acquire 
or can be taken from another line. Afterwards, a new 
balancing for one machine tool less/more has to be 
executed. Again, a maximum separability of work 
contents is one of the key factors for successful 
implementation of Cellular Manufacturing.  
 When using right-sized equipment, the cycle-time is 
usually driven by the operator, since low machine tool 
utilization is allowed in general. In that case  similar to 
assembly lines  the line output can easily be adjusted by 
changing the number of operators, even for small 
periods of time. 
The advantages on rapid volume adjustment enable 
Cellular Manufacturing for products with volatile or 
highly unsure customer demands, such as powertrain e-
mobility components [27].  
5. Outlook 
The above mentioned first results of our research 
activities will be continued to increase global 
competitiveness in the machining sector. Therefore, an 
identification of application-criteria for an economic use 
of Cellular Manufacturing is targeted. To maximize the 
performance (and hereby identifying fields of economic 
application) the following challenges will be 
investigated during the next few years: 
 quantitative evaluation of flexibility improvements, 
 line balancing of machining processes, 
 low cost intelligent automation approaches, 
 quality tolerances for sequential clamping, and 
 (in-takt) change-over procedures. 
In order to support research activities in the field of 
Cellular Manufacturing, a reference line with six 
machine tools has been set up at Process Learning 
Factory CiP at TU Darmstadt, Germany. Additionally a 
workshop for industry is been held once a year as well as 
a one-week tutorial for master students. 
6. Conclusion 
Cellular Manufacturing can be a lean and flexible 
alternative to done-in-one concepts with complex, highly 
automated machine tools. To enable an efficient and 
economic use, an optimum utilization of both, machine 
tools and operators is crucial. The system configuration 
and design can be supported by several Key 
Performance Indicators, like the Line Balancing 
Efficiency. A harmonic balancing as well as low 
investments by right-sized equipment are key success 
factors to maximize future fields of application. At 
has been built up and used for research and training. 
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